ABSTRACT Nickel-cobalt sulfide arrays with different loading densities were fixed on nickel foam via a facile hydrothermal method in ethanol. Their loading densities could be easily adjusted via changing the amount of reactants. It was found that the nickel-cobalt sulfide arrays on Ni foam with moderate loading density showed excellent electrochemical performance for supercapacitors. The best sample not only exhibited an outstanding areal capacitance of 4.84 F cm −2 at 10 mA cm −2 but also showed the best cycle stability and rate performance compared with the samples with other loading densities. Remarkably, this method to control the loading densities of nickel-cobalt sulfide on nickel foam may provide a new strategy for the investigation of other nanoarrays on various substrates for catalysts and lithium-ion batteries other than supercapacitors.
INTRODUCTION
Supercapacitor devices have been divided into the electrical double-layer capacitors (EDLCs) and pseudocapacitors. EDLCs store charge by adsorption of electrolyte ions onto the surface of electrode materials without requiring redox reactions, so the response to changes in potential is rapid and leads to high power. Pseudocapacitors, also called electrochemical capacitors, store charge by undergoing reversible redox reactions at or near the surface of the electrode material. Compared with the EDLCs, pseudocapacitors can obtain higher energy density and capacitance owing to the reversible redox processes [1] [2] [3] [4] [5] [6] . In recent years, numerous efforts have been devoted to developing various electrode materials for pseudocapacitors [7, 8] .
Among them, many research efforts have been devoted to the development of transition-metal sulfides because of their excellent electrochemical properties, for example the high specific capacitance [9] [10] [11] [12] . Especially, ternary Ni-Co sulfides have attracted much attention as excellent electrode materials in pseudocapacitors with higher electrochemical activity and higher capacitance than mono-metal sulfides [13] [14] [15] [16] . Recently, Wan and co-workers [17] fabricated a novel 3D NiCo2S4 nanotube@Ni-Mn layered double hydroxide arrays in situ grown on graphene sponge hierarchical network architectures, which exhibited a specific capacitance 1.74 F cm −2 at 1 mA cm −2 , and 1.27 F cm −2 maintained at 10 mA cm −2 . Ding and co-workers [18] grew hierarchical NiCo2S4@NiCoxSy core/shell nanoarrays on carbon cloth. After 1500 cycles, NiCo2S4@NiCoxSy nanoarrays remained 77% retention of the original areal capacitance (3.5 F cm −2 ) at current density of 10 mA cm −2 . Xu and co-workers [19] synthesized the hollow Ni-Co sulfide nanoboxes with tunable compositions by using a low-temperature wetchemical method. The NiCo2S4 electrode exhibited a capacitance retention of 88.2% at 5 A g −1 after 4,000 cycles. However, does the different loading density of active materials have great effect on the electrochemical properties of the electrode? In the premise of ensuring specific surface area, does a higher loading density of the active material ensure the better electrochemical performances? Cai and co-workers [13] constructed NiCo2S4 nanotube arrays on Ni foam with the mass loading around 7.5 mg cm −2 . But after 2,000 cycles at a current density of 60 mA cm −2 , the electrode capacitance only resulted in 79.3% retention. Mei and co-workers [14] synthesized mushroom-like CoNi2S4 with multidimensional hierarchical arrays on Ni foam with the mass loading around 2.1 mg cm −2 . And after 3,000 cycles at a current density of 20 mA cm −2 , the electrode capacitance still resulted in 80.9% retention. Moreover, Tang and co-workers [20] obtained the sandwiched lamellar hybrids, which were ultrathin-layered polypyrrole (PPy) attached MoS2 monolayers with controllable thickness for supercapacitors by varying the amount of pyrrole monomers to MoS2 monolayers in polymerization process. Besides, they indicated that only under a moderate ratio of PPy to MoS2, one can obtain the desirable capacitance. As for the method of synthesizing materials, it is still important and significant to explore the effect of different loading densities of the active materials on the electrochemical performance [21] [22] [23] .
In this work, four groups of different amounts of reaction materials were used to grow nickel-cobalt sulfide arrays on Ni foam with the same size separately via a facile hydrothermal method in ethanol. The total amounts of reaction materials were different among the groups, but the proportions of each reaction materials in these groups were the same. Four groups of the nickel-cobalt sulfide arrays were investigated as the pseudocapacitors electrode materials. We found that the amount of reaction materials directly related to the loading density of the active materials on the electrode. Besides, a larger amount of reaction materials corresponded to a larger unit area loading density on the electrode [24, 25] . However, neither oversized loading density nor minimum loading density did have good electrochemical characteristics. Interestingly, only under a moderate range of loading density on the electrode, one can obtain the desirable cycle stability and rate performance and other electrochemical properties. In addition, because the active materials were grown on the substrate directly, it can guarantee strong adhesion and good electrical contact with the current collector. Furthermore, the electrode design did not use conducting additives or polymer adhesive, which can make full use of the electrode materials [26, 27] . Impressively, our result showed that such nickel-cobalt sulfide arrays electrode with moderate loading density of active materials would obtain excellent electrochemical performance for supercapacitors.
EXPERIMENTAL SECTION

Materials synthesis
All reagents in this study were of analytical grade and were used without purifying process. The Ni foam substrates were cleaned with acetone, ethanol and deionized water in an ultrasound bath beforehand. Cobalt(II) acetate tetrahydrate and thioacetamide (TAA) in certain ratio were dissolved in 35 mL ethanol as solvent with stirring. Subsequently, the prepared solution was transferred to the Teflon-lined stainless steel autoclave (50 mL) and the cleaned nickel foam in certain size was immersed in the solution as a substrate. The autoclave was sealed and maintained at 140°C for 11 h. Lastly, the Ni foam was taken out and cleaned by sonication for 1 min with the power of 40 percent, then dried in a vacuum drying oven. To investigate the effect of loading density of the final products, cobalt(II) acetate and TAA in different amounts were used for the synthesis on Ni foam, severally named as S1 (1:4, mmol), S1.5 (1.5:6, mmol), S2 (2:8, mmol) and S3 (3:12, mmol).
Materials characterization
The microstructure and morphology of the composites were characterized using scanning electron microscopy (SEM) (Hitachi S4800) and transmission electron microscopy (TEM) (JEOL 2010) which was operated at an accelerating voltage of 200 kV. The crystal structure of the samples was characterized by X-ray diffraction (XRD, Cu Kα) with a SIEMENS D5000 X-ray diffractometer.
Electrochemical measurements
The electrochemical measurements of the four nickelcobalt sulfide arrays groups were carried out in a three-electrode system using aqueous solution of 3 mol L −1 NaOH as the electrolyte. The measurements were conducted with a CHI660E electrochemical workstation (Chenhua, Shanghai). The as-prepared nickel-cobalt sulfide arrays were directly used as the working electrodes in free of binders. The reference electrode was a standard calomel electrode (SCE) and a platinum plate was used as a counter electrode. Voltage windows of cyclic voltammograms (CV) measurements were in the range of 0 to 0.7 V. The electrochemical impedance spectroscopy (EIS) measurements were performed based their different open circuit potentials in a frequency range from 0.01 Hz to 100 kHz. The areal and specific capacitances (C) were calculated using the following equations [28, 29] :
where C (F cm −2 or F g −1 ) was the capacitance, I (A), the discharge current, t (s), the discharge time, and S (cm²), the area of the electrode, V (V), the potential window, m (g), the mass of the active materials on the electrode.
RESULTS AND DISCUSSION
The nickel-cobalt sulfide arrays were synthesized via a onestep hydrothermal method (shown in Fig. 1 (Fig. S1 ). With the varying additive amounts of cobalt(II) acetate and TAA, different loading densities of final products were harvested, namely S1 (3.1 mg cm −2 ), S1.5 (4.5 mg cm −2 ), S2 (5.5 mg cm −2 ), and S3 (6.7 mg cm −2 ). The detailed method of calculating the mass of the active materials was provided in the Supplementary information.
The morphology and the structure of the nickel-cobalt sulfide arrays were characterized by SEM. Figs 2a-d show the low magnification SEM images of the four samples respectively. It is clearly seen that all the electrode materials exhibit the structure of the nanorod arrays. With the increased amount of reaction materials, the length and the thickness of the nanorods increase as well. Figs 2e and f show the high magnification SEM images of S1.5 and S3 nickel-cobalt sulfide arrays respectively. The diameters of S1.5 nanorods are about 220 nm. And the diameters of S3 nanorods are about 580 nm. In the area of 2 μm 2 , S1.5 grew about 14 nanorods, and S3 grew about 11 nanorods. With the increased amount of reaction materials, the loading density of S3 is much larger than that of S1.5. Obviously, the structure of nanorod arrays directly deposited on the Ni foam can not only reduce the loss of ohm but also offer a high specific surface area. In addition, the structure also increased the contact area between the electrolyte and the electrode material and contributed to the infiltration of the electrolyte, which can make full use of the electrode materials [30, 31] . Moreover, some sheets structure is closely combined to the nanorods arrays as shown in the SEM images (Figs 2e and f) . This structure can make the nickel-cobalt sulfide arrays steadier during the process of redox reaction [32, 33] . Furthermore, TEM observations were carried out to further study the structure of the nickel-cobalt sulfide arrays. Figs 3a and b show the TEM images of S1.5 scraped off from the Ni foam by ultrasonic treatment. The nanorod structure is clearly observed, which agrees well with the SEM images in Fig. 2 . Meanwhile, because of the sheets structure closely combined to the nanorods, the space between the arrays is abundantly utilized, forming a high specific surface area. In addition, the lattice fringes shown in Fig. 3c can be indexed to the (400) and (440) crystal planes of (NiCo)3S4. Moreover, Fig. 3d shows the XRD pattern of S1.5. All of the diffraction peaks can be indexed to (NiCo)3S4 and Ni3S2 (JCPDS, No. 2-788 and No. 44-1418). The energy-dispersive X-ray spectroscopy element analysis of the sample S1.5 (Fig. S2) confirms the existence of Co. Moreover, XRD patterns of other three samples are provided in the Supplementary information (Fig. S4) and they also can match the peaks of the (CoNi)3S4 (JCPDS No. 2-788) and Ni3S2 (JCPDS No. 44-1418).
To characterize the electrochemical properties of the as-prepared nickel-cobalt sulfide arrays, CV were tested in 3 mol L −1 NaOH aqueous electrolyte [34] . Fig. 4a shows the CV comparison of the four nickel-cobalt sulfide arrays electrodes with different loading densities recorded at a Figure 4 (a) CV curves of the four groups of nickel-cobalt sulfide arrays electrodes at a scan rate of 5 mV s −1 ; (b) CV curves of the four groups of nickel-cobalt sulfide arrays electrodes at a scan rate of 10 mV s −1 ; (c) CV curves of S1.5 at various scan rates; (d) galvanostatic current charge/discharge curves of S1.5 at different current densities; (e and f) current density dependence of the areal capacitance and specific capacitance of the four groups of nickel-cobalt sulfide arrays electrodes. scan rate of 5 mV s −1 . Obviously, with increasing the loading density (from S1 to S3), CV curve integral area of the nickel-cobalt sulfide arrays electrodes is becoming larger and larger (Fig. 4a inset) , indicating that at a low scan rate, the greater the loading density, the higher electrochemical activity of the electrode. However, at a scan rate of 10 mV s −1 , the CV curve area of S3 is smaller than expected. Fig.  4b inset shows that the CV curve integral area of S3 (0.033 V A) is even smaller than that of S2 (0.0427 V A). This phenomenon indicates that with the increasing scan rates, the more loading density, the more the electrochemical activity is limited by the scan rate, which may be attributed to the dependence of redox reactions on the insertion-deinsertion of protons from the electrolyte. At lower scan rates, all the diffusion of ions from the electrolyte can undergo redox reactions with the active materials on the electrode [14, 35] . Whereas with the increaseing scan rate, the effective interaction between the electrode and the ions was greatly reduced. Moreover, internal active materials of electrodes, especially those covered with outer active materials, are rather difficult to react with the electrolyte, which may lead to a lower electrochemical activity. Accordingly, S1.5 exhibited satisfactory electrochemical performance. The CV peaks of pure Ni foam were very weak (as shown in Fig.  S3 ). So the effect of Ni foam was ignored. Fig. 4c shows the CV curves of S1.5 at scan rates from 5 to 30 mV s −1 . Clearly, two pairs of redox peaks can be seen as the sweep rates decrease because of the reversible Faradaic redox. The redox peaks in all CV curves can be attributed to the redox reactions related to M-S/M-S-OH and Ni3S2, where M representes Ni and Co ions based on the following reactions [10, [36] [37] [38] 
To further evaluate the capacitive performance of four nickel-cobalt sulfide arrays electrodes, the galvanostatic charge-discharge measurements were conducted at various current densities ranging from 10 to 60 mA m −2 . Fig. 4d shows the typical charge and discharge curves of S1.5 at different current densities with a potential window of 0 to 0.55 V. Chronopotentiometry (CP) curves of S1.5 are nearly symmetrical, indicating good reversibility of the redox reactions for the nickel-cobalt sulfide arrays electrode. Moreover, the areal capacitance and specific capacitance of the four nickel-cobalt sulfide arrays electrodes at different current densities can be calculated based on the CP curves and plotted in Fig. 4 e and f. Obviously, with the increasing current density, the greater loading density of the active material in the unit area, the worse rate stability is. Figs  4e and [19] . Compared with other groups, S1.5 not only obtained good capacitance at low current density, but also maintained a preferable rate stability and capacitance at high current density. These proved that there comes to be an optimum loading density of active materials.
To further evaluate the electrochemical behaviors of the nickel-cobalt sulfide arrays electrodes, an EIS measurement was performed in a frequency ranging from 0.01 Hz to 100 kHz as shown in Fig. 5a . The four groups of samples all show the similar form with a sloping curve at lower frequency and a semicircle at a higher frequency region. The impedance spectra form curve along the axis at a lower frequency, and the slope of the curve shows the Warburg impedance (W) which represents the electrolyte diffusion in the electrode and proton diffusion in host materials [39, 40] . With the decreased amount of reaction materials, smaller loading density nickel-cobalt sulfide arrays electrodes show the more ideal curve along the axis, which demonstrates that they have lower diffusion resistance, because the smaller loading density can facilitate the OH − to the entrance of arrays. At the high frequency (Fig. 5a inset) , the intersection of the curve at the axis indicates the bulk resistance [34] . The inset shows that larger loading density may produce larger bulk resistance of electrochemical system. Moreover the semicircle diameter reflects the charge-transfer resistance (Rct). S1.5 and S2 nickel-cobalt sulfide arrays electrodes have smaller semicircle compared with the others. The moderate loading density may improve the charge-transfer process at the working electrode-electrolyte interface. So, the S1.5 and S2 nickel-cobalt sulfide arrays electrodes had the smaller Rcts which can provide more convenient path ways for the ion and electron transport [41] .
The good electrochemical property of the nickel-cobalt sulfide arrays electrodes were further confirmed by galvanostatic charge-discharge cycling test at 20 mA cm −2 (Fig. 5b) . For S1 nickel-cobalt sulfide arrays electrode, it exhibited 2.53 F cm −2 of the original areal capacitance and after 3000 cycles it maintained 1.91 F cm −2 , remaining 75.3% capacitance retention. Besides, S1.5 nickel-cobalt sulfide arrays electrode exhibited 3.90 F cm −2 of the original areal capacitance and it maintained 3.45 F cm −2 after 3000 cycles, remaining 88.4% capacitance retention. Ding and co-worker grew hierarchical NiCo2S4@NiCoxSy core/shell nanoarrays on carbon cloth. After 1500 cycles, NiCo2S4@NiCoxSy nanoarrays remained 77% retention of the original areal capacitance (3.5 F cm −2 ) at current density of 10 mA cm −2 [18] . And the S2 nickel-cobalt sulfide arrays electrode exhibited 4.95 F cm −2 of the original areal capacitance and after 3000 cycles it maintained 4.10 F cm −2 , remaining 82.9% capacitance retention. At last, the sample of S3 nickel-cobalt sulfide arrays electrode exhibited 5.67 F cm −2 of the original areal capacitance and it maintained 4.16 F cm −2 after 3000 cycles, remaining only 73.3% capacitance retention. Fig. 5b shows that only under a moderate loading density of nickel-cobalt sulfide arrays electrode which would obtain good cycling performance. For the nickel-cobalt sulfide arrays electrode with smaller loading density like sample of S1, it has less total capacitance. At the same current density, not completely reversible redox reaction may have more impact on its cycle stability compared with the others. Meanwhile, for the nickel-cobalt sulfide arrays electrode with larger loading density like S3, its arrays structure may more easily collapse, resulting the fading of the areal capacitance during the long-duration cycle with the redox reaction [13, 14] . Moreover, Figs 6a-d are SEM images of group S1.5 and S3 after 3000 cycles of charge and discharge at 20 mA cm −2 respectively. It is clearly observed that nickel-cobalt sulfide arrays structure of S3 collapses more seriously than arrays structure of S1.5 after 3000 cycles of charge and discharge. Many cracks appear obviously in the arrays of S3. This may also because the loading density of active material on the electrode of S3 is too large. And structure of S3 is more likely to collapse during the redox reaction. This phenomenon can also support our ideas that the loading density on unit area of the electrode is not the bigger the better.
The good electrochemical performance of the nickel-cobalt sulfide arrays electrodes can be ascribed to the following features of the electrodes. Firstly, the nickel-cobalt sulfide arrays have grown directly on Ni foam, which can guarantee good electrical contact with the current collector and strong adhesion. Meanwhile, the electrode design did not use conducting additives and polymer adhesive, which can make full use of the electrode materials [26, 27] . Secondly, with the appropriate loading density, the active materials can combine more closely with the electrolyte, and facilitate the supply of OH − to the entrance of arrays. Also, it can decrease the internal materials which cannot be fully involved in the reaction. Thirdly, under the premise of ensuring adequate capacitance, the moderate loading density can ensure the more stable electrodes arrays structure reducing the capacitance loss caused by the collapsing of the structure during the redox reaction.
CONCLUSIONS
In summary, four groups of reaction materials with different amounts have been used to grow nickel-cobalt sulfide arrays on Ni foam with the same size separately via a facile hydrothermal method in ethanol. With the increased amount of reaction materials, the loading density of the active materials on the electrode increased. Remarkably, we found that only with moderate loading density of nickel-cobalt sulfide arrays on Ni foam would obtain excellent electrochemical performance for supercapacitors. In this work, the S1.5 nickel-cobalt sulfide arrays electrode exhibits more desirable electrochemical performance compared with sample with other loading densities. Besides, S1.5 nickel-cobalt sulfide arrays electrode exhibits 3.90 F cm −2 of the original areal capacitance at 20 mA cm −2 and it maintained 3.45 F cm −2 after 3000 cycles, remaining 88.4% capacitance retention. Moreover, with the appropriate loading density, the active materials can combine more closely with the electrolyte, and decrease the internal materials which cannot be fully involved in the reaction. Also, the moderate loading density can ensure the more stable electrode arrays structure reducing the capacitance loss caused by the collapsing of the structure during the redox reaction. In light of the superior electrochemical properties and the convenient and cost-efficient synthesis, such nickel-cobalt sulfide arrays electrode with moderate loading density of active materials would provide great potential for high-performance supercapacitors in future.
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